A correlation between giant-planet mass and atmospheric heavy elemental abundance was first noted in the past century from observations of planets in our own Solar System and has served as a cornerstone of planet-formation theory. Using data from the Hubble and Spitzer Space Telescopes from 0.5 to 5 micrometers, we conducted a detailed atmospheric study of the transiting Neptune-mass exoplanet HAT-P-26b. We detected prominent H 2 O absorption bands with a maximum base-to-peak amplitude of 525 parts per million in the transmission spectrum. Using the water abundance as a proxy for metallicity, we measured HAT-P-26b's atmospheric heavy element content (4:8 þ21:5 À4:0 times solar). This likely indicates that HAT-P-26b's atmosphere is primordial and obtained its gaseous envelope late in its disk lifetime, with little contamination from metal-rich planetesimals.
A correlation between giant-planet mass and atmospheric heavy elemental abundance was first noted in the past century from observations of planets in our own Solar System and has served as a cornerstone of planet-formation theory. Using data from the Hubble and Spitzer Space Telescopes from 0.5 to 5 micrometers, we conducted a detailed atmospheric study of the transiting Neptune-mass exoplanet HAT-P-26b. We detected prominent H 2 O absorption bands with a maximum base-to-peak amplitude of 525 parts per million in the transmission spectrum. Using the water abundance as a proxy for metallicity, we measured HAT-P-26b's atmospheric heavy element content (4:8 þ21:5 À4:0 times solar). This likely indicates that HAT-P-26b's atmosphere is primordial and obtained its gaseous envelope late in its disk lifetime, with little contamination from metal-rich planetesimals.
H AT-P-26b is a Neptune-mass planet with a lower bulk density as compared with those of the four other Neptune-sized planets with well-measured masses and radii (Uranus, Neptune, GJ 436b, and HAT-P-11b) (1) . Neptune-sized worlds are among the most common planets in our galaxy and frequently exist in orbital periods very different from that of our own Solar System ice giants (2) . Atmospheric studies using transmission spectroscopy can be used to constrain their formation and evolution. The low gravity (4.17 ms −2 ) and moderate equilibrium temperature (T eq ≈ 990 K) (1) of HAT-P-26b results in a large atmospheric scale height, which is ideal for characterization studies that observe the wavelength dependence of the starlight filtered through the atmosphere during a transit.
The atmospheres of Neptune-mass worlds could have arisen from many different sources, resulting in a wide range of possible atmospheric compositions. Depending on their formation and evolutionary history, atmospheres rich in H/He, H 2 O, and CO 2 are all expected to be possible (3) . H/He-rich atmospheres are formed if gas accretes directly from the protoplanetary disc. Alternatively, many of these planets could be water-worlds with an H 2 O-rich atmosphere, or a rocky planet with an atmosphere produced by outgassing. For hot neptunes in particular, it is an open question as to whether these exoplanets contain large amounts of water and other ices and how much of that is mixed into the detectable atmospheric envelope. Previous observations of Neptune-mass exoplanets show both cloudy atmospheres, such as that of GJ 436b (4), and relatively clear atmospheres, as seen in HAT-P11b (5), where a muted H 2 O absorption band was detected.
A correlation between giant planet mass and atmospheric elemental abundance was first measured from the CH 4 abundance in the atmospheres of Jupiter (6), Saturn (7), Uranus (8) , and Neptune (9) and has served as a constraint of planet-formation theory (10) . Abundances of key species have now begun to be measured in exoplanets, such as the well-constrained H 2 O abundance on the two-Jupiter-mass planet WASP-43b (11) . Atmospheric abundance measurements for Neptune and smaller mass exoplanets remain essentially unconstrained, known only within several orders of magnitude, as the detection of H 2 O in HAT-P-11b implies metallicities between 1 to 700 solar units (× solar) (5). We add an additional point in the mass-metallicity trend from an observational study of the extrasolar planet HAT-P-26b, which has a similar mass to that of Neptune and Uranus (1) .
We observed four transits of HAT-P-26b with the Hubble Space Telescope (HST) via two observational programs: One transit was observed with the HST Space Telescope Imaging Spectrograph (STIS) (12) G750L grating (covering 0.5 to 1.0 mm), and one transit with the HST Wide Field Camera 3 (WFC3) (13) G102 grism (0.8 to 1.1 mm). We observed a further two Fig. 1 . The measured transmission spectrum of HAT-P-26b. We show the atmospheric transmission spectrum (open and solid circles alternating between different observational modes indicated by the labeled bars at the bottom) fitted with a model (red) derived by using the ATMO retrieval code (18) . The best-fitting models have isothermal profiles and include a uniform cloud opacity. Shown here are the results for model M1 with 1s, 2s, and 3s uncertainty shown in the dark-to light-blue shaded regions. The right-hand axis shows the corresponding scale of the atmospheric transmission in terms of planetary scale height, which is a logarithmic parameter of the atmosphere based on the planet's temperature, gravity, and mean molecular weight. transits using HST WFC3 G141 grism (1.1 to 1.7 mm). We also analyzed two archival Spitzer Infrared Array Camera (IRAC) (14) 3.6-and 4.5-mm transits. The full transmission spectrum measured for the atmosphere of HAT-P-26b from 0.5 to 5 mm is shown in Fig. 1 .
We performed a data reduction using the marginalization methods outlined in previous studies to conduct a uniform analysis (15) (16) (17) (18) . Following standard practice, we monitored each transit with observations occurring before, during, and after transit. We first analyzed the bandintegrated light curves in order to obtain the broad-band planet-to-star radius ratio-the radius of the planet (R p ) over the radius of the star (R * ), (R p /R * )-by summing the flux across the whole spectral wavelength of each visit. Each light curve is corrected by marginalizing over a grid of systematic models appropriate to each instrument and observational mode (18) .
From the band-integrated analysis, we obtained a fit for the inclination (i ) and the ratio of the semimajor axis of the planet (a) to the stellar radius (a/R * ). Because of the limited phase coverage obtained during each HST visit, caused by its low-Earth orbit, we combined these fits with the previously published values (1, 19) and calculated the weighted mean. From each bandintegrated analysis, we also fitted for the center of transit time. We then fixed each of these parameters for each visit in the subsequent spectroscopic light curve analysis. We incorporated the eccentricity and fixed it to a nonzero value (1) . Each of these parameters is given in table S1, along with the general system properties and derived parameters from this analysis (18) .
To create the transmission spectrum ( Fig. 1 and Table 1 ), we extracted various wavelength bins for the HST STIS and WFC3 spectra and separately fitted each bin for R p /R * and detector systematics (18) . We measured the WFC3 G141 transmission spectrum separately for each visit before combining them into a single atmospheric spectrum from 1.1 to 1.7 mm. We rescaled the uncertainties for each data point according to the standard deviation of the residuals and measured any systematic errors correlated in time using the binned residuals (16, 17) . This resulted in a final atmospheric transmission spectrum separated into seven STIS bins with an average standard deviation of normalized residuals (SDNR) of 426 parts per million (ppm), seven WFC3 G102 bins with an average SDNR of 342 ppm, 11 WFC3 G141 bins (for each visit) with a SDNR of 262 ppm, and two Spitzer photometric light curves with SDNRs of 381 and 406 ppm in the 3.6-and 4.5-mm channels, respectively (fig. S1).
Using HST WFC3 G141 observations of HAT-P-26b, we measured a distinct H 2 O absorption feature centered at 1.4 mm, with a base-to-peak amplitude of 525 ± 43 ppm at a confidence of 8.8s, with its relatively low density indicating that the planet has a considerable H/He envelope. Measurements in the optical with HST STIS and near-infrared WFC3 G102 suggest the presence of an absorbing cloud deck, which matches well with previously published optical data ( fig. S2) (19) .
To determine the atmospheric structure given the observational measurements, we used (18) the one-dimensional forward model ATMO (20, 21) , which uses the correlated-k method for radiative transfer (22) , coupled to a CHNObased chemical network (23) solving for the pressure-dependent abundances of 166 species. We ran 12 ATMO model combinations [which we denote M1 to M12 (table S2)], including fixed or varying the C/O, isothermal models or fitting the temperature-pressure (T-P) profile, or using a free-chemistry model in which the abundances of CO, CO 2 , CH 4 , and H 2 O were freely fit, each combination with and without cloud opacities (18) . We used Bayesian model averaging (BMA) with the Bayesian information criterion (BIC) to combine the model results and incorporate the uncertainty in model selection. Our best-fitting models contained equilibrium chemistry and four fit parameters that consist of the atmospheric temperature, metallicity, cloud contributions, and baseline planetary radius (figs. S3 and S4); they differ in whether they have a fixed or Wakeford , and metallicity is in solar units (× solar). Shown are the solar system planets (gray) (6-9) and the three previously measured exoplanets WASP-43b, WASP-12b, and HAT-P-11b (orange circles) (5, 11, 26) , with 1s error bars. We added the new metallicity measurement for the exoplanet HAT-P-26b (blue star) at 4:8 þ21:5 À4:0 × solar, derived by using the BMA across all 12 ATMO models. The derived metallicity is likely less than that of Neptune and Uranus and has a median metallicity closer to the gas giants Jupiter and Saturn. Overlain are linear fits to the mass-metallicity relation for the Solar System planets (gray shaded region) and the Solar System plus exoplanet results (orange shaded region). Fig. 2 . Model T-P profiles for HAT-P-26b. We show the T-P profile for 1× solar metallicity, including global-, dayside-, nightside-, limb-, east terminator-, and west terminator-averaged regions of the atmosphere, as produced from the SPARC/ MITgcm code (27) . Condensation curves for potential cloud species are plotted in gray dashed lines (29) , where the most likely cloud-forming condensate species are sulfur-based molecules. The red bar shows the pressure range probed with transmission spectral measurements. Using Na 2 S as an example, the solid horizontal line indicates the pressure at the base of a Na 2 S cloud, and the dashed horizontal line denotes the pressure of the layer where t becomes 0.1. The CO-to-CH 4 gas transition is shown as a dotted line to indicate where the abundance of CO is equal to CH 4 .
varying C/O. A uniform scattering cloud, parameterized by a gray scattering cross section, was found to provide the optimal solution, which maintained the H 2 O amplitude feature observed in the WFC3 G141 data (Fig. 1) . ATMO models without cloud opacities were largely disfavored by the data and have low statistical weights (table  S2) . We additionally modeled the transmission spectrum without the STIS data and found that the use of a uniform scattering cloud does not affect the final abundance measurement (18) . For the allowed fitting range, we imposed a lower limit on the mixing ratios and T-P profile parameters following (24) and an upper limit to the metallicity relative to solar of 10 4.5 and imposed a lower limit of the C/O ratio of 0.01; because only H 2 O features are present in the spectra, the abundances of carbon-bearing molecules are largely unconstrained ( fig S5) (18, 25) . The BMA H 2 O abundance is found to have a marginalized value of 4.8× solar and~1s (68.2%) uncertainty range of 0.8 to 26× solar (table S2) .
To estimate any possible cloud absorbers in the atmosphere of HAT-P-26b, we calculated the global temperature structure using the coupled radiation/circulation model SPARC/MITgcm (18, (26) (27) (28) . Shown in Fig. 2 are the T-P-dependent profiles across different regions of the atmosphere and the condensation curves for various cloud species (29) . This indicates that the cloud base implied by the transmission spectrum is likely composed of sulfur-based species if the clouds are formed through condensation chemistry. We used Na 2 S as an example absorber and calculated (29, 30 ) the extent of a potential condensate cloud in the atmosphere of HAT-P-26b. We define the cloud top as the height at which the optical depth (t) is equal to 0.1 (18) , which is within the pressure range constraints from our transmission spectroscopy measurements. We do not consider the radiative effects of the clouds, which likely produces the warmer-than-predicted atmospheric temperatures.
Similar to previous studies (5, 11), we used the H 2 O abundance as a proxy for HAT-P-26b's atmospheric metallicity because it is the only spectroscopically abundant species and under equilibrium conditions scales approximately linearly with metallicity. We show in Fig. 3 the observed trend in mass-metallicity from the giant planets in our Solar System (6-9), where the metallicity is defined by the abundance of methane. We include the measured metallicities of three exoplanets-WASP-43b (11), WASP-12b (30) , and HAT-P-11b (5)-on the basis of H 2 O abundance and show the range for the revised trend when including the published exoplanet results. The combination of broad wavelength coverage with HST and Spitzer, and strong H 2 O absorption, results in an atmospheric metallicity for HAT-P-26b, which sits~1s below the combined mass-metallicity trend.
The metallicity derived for HAT-P-26b lies below the trend observed with the giant planets in our Solar System, suggesting different formation and/or evolutionary processes. Thermal evolution models show that at fixed H/He envelope fractions, planetary radii shows little dependence on mass for planets with more than~1% of their mass in the envelope (31) . For HAT-P-26b, we found that it would require a H/He envelope of 21% þ7 À4 for a core of 10% rock and 90% water. Given a relatively massive core, it is not expected that more than a few percent of its envelope will have been lost through photo-evaporation (32) . Population-synthesis models predict a large diversity in planet accretion histories (10), depending on where and when planets accreted their envelopes.
Because of the low heavy-element abundance in the atmosphere, we conclude that the gaseous envelope of HAT-P-26b is primordial. The low metallicity suggests that most of the planet's heavy elements are contained in its core and that the planet's gaseous envelope has not been substantially polluted by planetesimals after it accreted, or is at least less polluted than other planets with similar masses (10) . This is more likely if the planet formed closer to the star, where it is too hot for ices to form and the solid abundance is lower, particularly for carbon and oxygen, and/or accreted its envelope late in the disk lifetime after most of the planetesimals have been cleared out (10, 33) . Such a formation scenario is consistent with recent envelope accretion models (34) , which argue that most hot neptunes accrete their envelopes in situ shortly before their disks dissipate. 
